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Co-inheritance of sea age at maturity and iteroparity in the Atlantic salmon vgll3 genomic1
region.2
Abstract3
Co-inheritance in life history traits may result in unpredictable evolutionary trajectories if not accounted for4
in life-history models. Iteroparity (the reproductive strategy of reproducing more than once) in Atlantic5
salmon (Salmo salar) is a fitness trait with substantial variation within and among populations. In the Teno6
River in northern Europe, iteroparous individuals constitute an important component of many populations7
and have experienced a sharp increase in abundance in the last 20 years, partly overlapping with a general8
decrease in age structure. The physiological basis of iteroparity bears similarities to that of age at first9
maturity, another life history trait with substantial fitness effects in salmon. Sea age at maturity in Atlantic10
salmon is controlled by a major locus around the vgll3 gene, and we used this opportunity demonstrate that11
these two traits are co-inherited around this genome region. The odds ratio of survival until second12
reproduction was up to 2.4 (1.8-3.5 90% CI) times higher for fish with the early-maturing vgll3 genotype13
(EE) compared to fish with the late-maturing genotype (LL). The L allele was dominant in individuals14
remaining only one year at sea before maturation, but the dominance was reversed, with the E allele being15
dominant in individuals maturing after two or more years at sea. Post hoc analysis indicated that iteroparous16
fish with the EE genotype had accelerated growth prior to first reproduction compared to first-time spawners,17
across all age groups, while this effect was not detected in fish with the LL genotype. These results broaden18
the functional link around the vgll3 genome region and help us understand constraints in the evolution of life19
history variation in salmon. Our results further highlight the need to account for genetic correlations between20
fitness traits when predicting demographic changes in changing environments.21
22
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Introduction24
Since being formally described, multivariate evolution has been well incorporated into quantitative25
genetic frameworks, covering predictions under diverse theoretical scenarios (Lande, 1979;26
Wagner, 1989; Houle, 1991; Roff, 1996; Griswold & Whitlock, 2003; Chevin et al., 2010; Wang et27
al., 2010). Accordingly, the theory suggests genetic correlation between traits can constrain the28
pace and efficacy of natural selection (Lande & Arnold, 1983; Roff, 1996; Orr, 2000). When29
correlated characters have contrasting fitness trajectories in the adaptive landscape, the climb30
towards the local fitness peak can be restricted, and result in suboptimal fitness of populations31
(Lande, 1982). The principles of the multivariate theory of evolution have been successfully applied32
to many fields, such as animal and plant breeding, multi-trait artificial selection (Kadarmideen et33
al., 2003; Careau et al., 2010; Chen et al., 2011; Kause et al., 2011; Weigel et al., 2017), and34
epidemiology (Lee et al., 2012; Sanchez-Guillen et al., 2012; Bulik-Sullivan et al., 2015; Gratten &35
Visscher, 2016; Schnurr et al., 2016; Hammerschlag et al., 2017).36
Measuring multi-trait evolution in wild populations has substantial importance. The magnitude and37
sign of genetic covariation between fitness traits may facilitate or constrain adaptive evolution by38
conflicting trait co-evolution, or so-called trade-offs (Roff, 1996; Sheldon et al., 2003; Hellmann &39
Pineda-Krch, 2007; Agrawal & Stinchcombe, 2009; Duputie et al., 2012; Chirgwin et al., 2015). A40
handful of studies have investigated the genetic relationships between fitness-related traits in the41
wild (Sheldon et al., 2003; Theriault et al., 2007; Carlson & Seamons, 2008; Nussey et al., 2008;42
Robinson et al., 2009; Clements et al., 2011; Lane et al., 2011; Santure et al., 2013), most of which43
were confined to well-studied populations in isolated or historically monitored settings with a scope44
to demonstrate the evolution of antagonistic genetic correlation between fitness traits (Roff, 1996).45
Indeed, accurately estimating genetic relatedness in the wild is challenging and requires either well-46
established pedigrees (Kruuk et al., 2000) or the genotyping of large numbers of genetic markers in47
large datasets (Ritland, 1996; Yang et al., 2010; Robinson et al., 2013; Berenos et al., 2014). Thus,48
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examples from wild populations are limited. Furthermore, multivariate genetic models are much49
more data-demanding than univariate models, making estimating genetic correlations more difficult50
than measuring univariate additive genetic variation (Roff, 1996; Nussey et al., 2008; Wilson et al.,51
2010).52
Despite these challenges, measuring multivariate trait evolution in the wild has substantial53
implications for conservation and management efforts, e.g., to better predict population responses to54
changing environmental conditions (Etterson & Shaw, 2001; Hellmann & Pineda-Krch, 2007;55
Chirgwin et al., 2015). In general, if a significant predictor of population demographic structure is56
left unaccounted, predictions may be inaccurate (Walters & Maguire, 1996; Dunlop et al., 2009). In57
this sense, any potential genetic correlation between fitness-related traits will mediate the58
evolutionary response of populations and alter the trajectory and the pace of evolution towards the59
fitness optimum, perhaps in an unexpected direction. Also important, but often overlooked, in wild60
populations is the fact that co-inheritance between fitness traits may help to uncover the61
physiological basis of the correlation at the molecular level (Stearns et al., 1991; Storz et al., 2015).62
This can help illuminate the response of populations to ecosystem level processes and facilitate63
understanding how ecological dynamics shape trait evolution (Arnold, 1981; DeLong, 2017;64
Stearns, 2010; Scott et al., 2015), see also (Storz et al., 2015). In humans, for example, a recent65
GWAS study showed insomnia, and psychiatric and metabolic traits are co-inherited at a locus,66
suggesting that these traits are functionally linked by genetic determination (Hammerschlag et al.,67
2017). Another study, again in humans, demonstrated pleiotropy between early- and late-life68
diseases, suggesting common etiology of these diseases (Rodriguez et al., 2017). As such, these69
studies demonstrate pleiotropy as a powerful tool for guiding functional inference of genes, but70
such approaches are yet to be employed in the wild non-model systems.71
Indeed, a significant source of genetic covariance between traits can arise from the co-inheritance of72
traits due to pleiotropic gene action or strong co-localization of causal genetic elements due to their73
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close physical proximity in the genome. Despite the two mechanism having different causations,74
marker assisted ecological studies use the term pleiotropy to describe both processes inclusively75
(e.g. Albert et al., 2008). In line with this presupposition, true pleiotropy (trait co-variation caused76
by the same mutational element) and tight-linkage have similar co-inheritance patterns and77
evolutionary constraints, but potentially with different rates of (e.g. Paaby & Rockman, 2013).78
Sea age at first maturity and iteroparity are two life history traits with profound effects on both79
reproductive output and survival in Atlantic salmon (Salmo salar, Fleming, 1996; Fleming &80
Einum, 2010) and other salmonid fish species (Christie et al., 2018). Both exhibit substantial81
variation, likely as a result of fitness trade-offs maintaining the variation within and among82
populations. Reproduction is costly in anadromous salmonid fishes. For example, older age at first83
maturity is linked to greater reproductive success in Atlantic salmon, but comes at the expense of84
higher mortality risk (e.g. in the ocean) before reproduction. Similarly, most Atlantic salmon85
individuals adopt a semelparous strategy, in which individuals maximise gonadal investment by86
also catabolising vital body mass as an energy source, but this most likely comes at the expense87
mortality at the end of the reproduction event (Jonsson et al., 1997; Fleming & Einum, 2010;88
Penney & Moffitt, 2013). In contrast, iteroparous individuals as shown in other salmonid species89
have considerably lower reproductive success in their first reproduction event compared to90
semelparous individuals, but may attain a higher overall reproductive success, i.e. if the survival in91
the ocean between two spawning periods is high (see Christie et al., 2018).92
Iteroparity and earlier age at first maturity are phenotypically correlated, likely as a result of93
younger individuals investing less energy in their first reproductive event and hence having better94
post-reproduction recovery (Jonsson et al., 1991b; 1997; Niemelä et al., 2006a). We therefore95
hypothesized that these traits are also co-inherited, and we thus employed a gene-trait association96
approach to test for the existence of pleiotropy between sea age at first maturity and iteroparity in97
Atlantic salmon. More specifically, we took advantage of a recently reported large-effect genomic98
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locus controlling age at first maturity in the region of the vgll3 gene on Atlantic salmon99
chromosome 25 (Ayllon et al., 2015; Barson et al., 2015) and explored whether the same genome100
region explained variation in iteroparity.101
Materials and Methods102
Study site and life history of repeat spawning salmon in the Teno River103
Located in far-north Europe (68–70°N, 25–27°E), the Teno River runs between Finland and104
Norway and drains north into the Barents Sea at the Tana Fjord (Fig. 1). The river supports one of105
the world’s largest wild Atlantic salmon populations and accounts for up to 20% of the riverine106
Atlantic salmon catches in Europe (ICES 2013). The Teno River supports over 20 Atlantic salmon107
sub-populations (Vähä et al., 2017) with notably high genetic and life-history variation within and108
between populations (Vähä et al., 2007; Aykanat et al., 2015; Vähä et al., 2017; Erkinaro et al.,109
2018). Age at smoltification (i.e., number of years spent in fresh water prior to outward migration to110
the sea) varies between two and eight years, while the time spent in the marine environment prior to111
first maturation, called sea age at maturity, varies from one to five years. In addition, a proportion112
of individuals have an iteroparous life history, in which individuals attempt to reproduce more than113
once, and sometimes up to three times, in their adult life (Niemelä et al., 2006a; Erkinaro et al.,114
2018) (see also Figure S1).115
In the Teno River, individuals who survive their first spawning event most often spend a full year at116
sea for conditioning before returning to the river in the following summer (termed as alternate year117
repeat spawners, Figure S1). Of the repeat-spawning individuals having first spent one, two or three118
years at sea prior to their first reproductive event, 85% spend a full year at sea for re-conditioning119
(following the first reproduction event) before returning for a second reproduction attempt120
(Erkinaro et al., 2018). These three repeat spawning, iteroparous, strategies (i.e. categorised by their121
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one, two or three year duration at sea prior to first migration) were the focus of our analyses and are122
referred to as 1S1, 2S1 and 3S1, respectively.123
Unlike most Pacific salmon species, Atlantic salmon is categorised as an iteroparous species.124
Iteroparity is an alternative reproduction strategy in Atlantic salmon with 11% prevalence, on125
average, ranging from <1% to >40%, (Fleming, 1996). Within the context of this study, individuals126
were classified as iteroparous if they had spawned previously (see also, Christie et al., 2018). The127
abundance of a specific iteroparous life history strategy in a cohort is mostly correlated with the128
abundance of the first-time spawner group in the respective cohort. (Niemelä et al., 2006a; Erkinaro129
et al., 2018). In the Teno River, catch statistics indicate that the average proportion of repeat-130
spawner salmon has been 5% over the last four decades, but the abundance and proportion of repeat131
spawner individuals has been increasing since the early 2000s, which cannot be explained only by132
the increase in the abundance of the corresponding cohort of first-time spawning fish (Figure S2,133
Erkinaro et al., 2018).134
Sample collection135
Atlantic salmon scales can be used to infer a number of life-history characteristics, including smolt136
age (years spent in fresh water from hatch sea migration), sea age to first spawning event (years137
spent at sea prior to first spawning, also referred to as age at maturity), and iteroparity (evidence of,138
and time between, multiple spawning migrations. Erkinaro et al. 2018; Figure S1). The fish samples139
used in this study were from a scale collection archive of Atlantic salmon from the Teno River140
system, which spans more than four decades and is maintained by Natural Resources Institute141
Finland (LUKE; formerly Finnish Game and Fisheries Research Institute, RKTL). Scale samples142
were composed of riverine catches of anadromous adult Atlantic salmon. These scales have been143
collected by co-operating, trained fishers of the Teno River system, who have also been recording144
phenotypic traits (e.g., fish total length, sex) and the location, date and method of capture of the145
fish. As defined by standard guidelines, scales were sampled from below the adipose fin, just above146
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the lateral line, where the age of the fish can be most reliably inferred (ICES, 2011). The collected147
scales were later dried and archived in paper envelopes at the Teno River Fisheries Research station148
of LUKE in Utsjoki, Finland. Trained technicians inferred the freshwater and sea age of fish using149
standard methods (ICES, 2011).150
For this study, first-time spawners were defined as adults captured in fresh water whilst returning151
from the sea for their first reproduction attempt. In total, 643 first-time spawners representing three152
sea age at first maturity classes were included in this study (N1SW=228, N2SW=170, and N3SW=245,153
where 1SW, 2SW and 3SW denote the years (sea-winters) spent at sea before the first breeding154
attempt). The phenotypic and genotypic information of these individuals has previously been155
reported in (Aykanat et al., 2015). The samples represented individuals captured between 2001 and156
2003, along a ~130-km stretch of the Teno River mainstem, reaching ca. 210 km from the sea157
between 2001 and 2003 (see Aykanat et al. (2015) for details). Sampled fish were captured in the158
last four weeks of the fishing season, in August (two to four weeks after most individuals have159
entered the river), to minimize the number of fish from tributary and headwater populations160
(Erkinaro et al., 2010). Using the abovementioned dataset, Aykanat et al. (2015) identified two sub-161
populations that have been subsequently identified to represent the Teno mainstem (Tenojoki,162
referred to as sub-population 1 and Inarijoki (sub-population 2) sub-populations (Pritchard et al.,163
2018).164
We further studied scales from 492 repeat spawner individuals (N1S1=225, N2S1=155, and N3S1=112)165
that had good DNA quality. Fish were selected non-randomly with respect to sea age and sex to166
increase sample size of samples from low frequency life history types. Most fish were captured167
between 2001 and 2008, but a small proportion of sampled fish were captured during later years168
(<8% sampled between 2008 and 2014. Table S1). Similar to the first-time spawner sampling169
scheme, we targeted samples collected later in the season. However, repeat spawner sampling170
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spanned a broader time window within the fishing season due to the much lower total number of171
repeat spawner fish late in the season, since repeat spawners tend to return to breeding grounds172
earlier than the first-time spawners (Niemelä et al., 2006b, Table S1).173
DNA extraction, sex determination and SNP genotyping by targeted sequencing174
DNA extraction and sex determination of first-time spawners were carried out as described175
elsewhere (Johnston et al., 2014; Aykanat et al., 2015). For the repeat spawner group, DNA was176
extracted from one to two scales per individual using a QIAamp 96 DNA QIAcube HT Kit177
(Qiagen), following the manufacturer's protocol, and with an initial proteinase K digestion step.178
Quality and concentration of all DNA extractions was assessed using a Nanodrop ND-1000179
spectrophotometer (Thermo Fisher Scientific Inc.).180
Repeat spawner samples were genotyped by targeted sequencing that included 194 SNP loci and the181
sex determination locus (sdy) as outlined in Aykanat et al. (2016), with minor modifications.182
Briefly, genomic regions were first amplified in two multiplex PCR reactions using site-specific183
primers with adapter sequences. After an SPRI bead clean-up to reduce short, non-specific reads,184
the PCR products of each individual were combined and re-amplified with adapter-specific primers185
containing Ion Torrent and sample-specific sequences. The PCR product was again purified by186
SPRI bead clean-up, quantified with Qubit 2.0 fluorimeter, and pooled in equimolar concentrations187
into one library (maximum 288 samples together). The pooled library was diluted for template188
preparation using the Ion PGM Hi-Q OT2 kit for Ion AmpliSeq DNA Library and OT2 for 200 bp189
reads and enrichment steps (ES) according to the manufacturer’s instructions. Finally, samples were190
sequenced using an Ion PGM Hi-Q sequencing kit and Ion 318 Chip 2 following the manufacturer’s191
guidelines.192
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SNPs in the targeted sequencing panel (N=194) were described in Aykanat et al. (2016). The panel193
consists of putatively neutral and highly diverged SNPs between the Inarijoki and Tenojoki sub-194
populations (neutral module: N=136, outlier module: N=53) and potentially functionally important195
SNPs that are associated with sea age at maturity on chromosomes 9 and 25 (sea age module, N=5).196
The baseline and outlier modules allow for the quantification of population genetic parameters and197
reliably assign population of origin (Aykanat et al. (2016). The sea age module consists of four198
SNPs on chromosome 25, located in the genome region associated with age at maturity (Ayllon et199
al., 2015; Barson et al., 2015), of which two are missense SNPs in vgll3 (vgll3Met54Thr and200
vgll3Asn323Lys), one is a missense SNP in akap11 (akap11Val214Met), and one is the SNP with the most201
significant association with age at maturity (i.e., vgll3TOP from Barson et al., 2015). In addition, the202
module has an SNP from the chromosome 9 region that exhibits a strong association with sea age at203
maturity prior to population structure correction (Barson et al., 2015). This SNP is 34.5 kb away204
from and in complete linkage disequilibrium with the SIX6TOP SNP from Barson et al. (2015)205
(termed SIX6TOP.LD here). The majority of the SNP data for first-time spawners were taken from206
previous studies (Johnston et al., 2014; Aykanat et al., 2015; Barson et al., 2015), whereby the207
genotypoing was perfomred using 5568 SNP loci using a custom-designed Illumina® iSelect SNP208
array (Johnston et al., 2014; Aykanat et al., 2015) or a custom 220,000 SNP Affymetrix Axiom209
array (Barson et al., 2015). Two missense SNPs, vgll3Met54Thr and vgll3Asn323Lys, which were not210
scored in those arrays were sequenced using the Ion Torrent platform as described above.211
Unless otherwise noted, all statistical analyses were performed using R software v.3.2.5 (R Core212
Team 2013). Raw fastq output from the Ion Torrent server was scored using custom R scripts as213
outlined in Aykanat et al. (2016). Briefly, forward and reverse barcodes were used as identifiers to214
assign reads to individuals, followed by assigning within-individual data to each locus by matching215
reads to locus-specific primers (allowing for one mismatch). Reads were further refined by a216
sequence pattern match, this time to a 9-bp region surrounding each SNP locus, without a mismatch217
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allowed. Finally, loci with coverage less than 13 were excluded, and the remainder were assigned a218
genotype as in Campbell et al. (2015). After excluding three SNPs with low genotyping rates219
(<75%), genotyping success on average was 96.5%. Molecular sexing was conducted by estimating220
read counts of the sdy gene (normalized to mean read count for every individual) using an arbitrary221
threshold as outlined in Aykanat et al. (2016).222
Genetic assignment of individuals using genetic baseline data223
All sampled fish were captured as late in the season as possible in order to maximize the proportion224
of fish from focal populations (i.e., Tenojoki and Inarijoki). Due to the lower number of iteroparous225
individuals in the population, repeat-spawner individuals captured earlier in the season were226
included, which may have increased the proportion of fish from non-focal, tributary populations227
amongst this group (Table S1). Therefore, all samples underwent population assignment to enable228
exclusion of individuals potentially originating from non-focal populations using 175 non-sea-age229
associated SNPs that were successfully genotyped both in the dataset and in baseline samples. The230
baseline consisted individuals from 23 sub-populations within the Teno system (Fig. 1). We first231
estimated the allele frequency distributions of the SNPs across the baseline populations and then232
estimated the likelihood of each individual to originate from each of those populations using a233
frequency-based method (see Table S2 for more details). The robustness of assignments was shown234
to be high using simulations, whereby random generation of 1000 genotypes per population showed235
high true assignment rates to Tenojoki and Inarijoki (93.2% and 91.2%, respectively); a negligible236
proportion of individuals from other populations were incorrectly assigned to these focal237
populations with high confidence (0.3% and 0.8%, respectively).238
Out of 643 first-time spawners, 335 (52.1%) and 167 (26.0%) were assigned to Tenojoki and239
Inarijoki, respectively (78.1% in total), while 16.6% were unassigned, and 5.3% were assigned to240
other populations (Table S2). For 478 repeat-spawning individuals, 115 and 141 fish were assigned241
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to Tenojoki and Inarijoki populations, respectively (53.6%, in total), leaving 137 fish (28.7%)242
unassigned and 85 fish (17.8%) confidently assigned to other populations in the Teno system (Table243
S2). The high proportion of misassigned fish in the repeat spawning category was expected, given244
that this group also included individuals sampled earlier in the fishing season (May-July).245
Individuals from these months included a higher proportion of fish captured in their non-natal246
spawning grounds. In contrast, the proportion of fish assigned to non-focal populations was similar247
between first-time spawners and repeat spawners in August (exact-test, p>0.05, Table S3).248
Following this assignment procedure, the final data set included 502 first-time spawners and 256249
repeat spawners (Table S2).250
Testing genetic associations to iteroparity251
In Atlantic salmon, sea age at first maturation (i.e., sea age) is strongly controlled by one genomic252
region (i.e., around the vgll3 gene, approximately 28.65 Mb on chromosome 25, Barson et al.,253
2015). An additional region, around the six6 gene on chromosome 9, also exhibits a strong254
association with sea age at the population level, though the signal diminishes after correcting for255
structure (Barson et al., 2015). Here, we tested if variation at five SNPs linked to sea age at first256
maturity on chromosome 9 and 25 (vgll3TOP, vgll3Met54Thr, vgll3Asn323Lys, akap11Val214Met, six6TOP (see257
above) were also linked to the repeat spawning life history. To do this, we first identified the most258
parsimonious null model that fit the data without genetic effects and then employed the genetic259
model over it. This allowed for us to avoid any biased inference that may have emerged as a result260
of unequal proportions of previous spawners within sea age groups, sex, populations or their higher-261
order interactions. We employed a generalised linear model with a binomial error structure, where262
repeat-spawner fish were coded as a Boolean variable “1”, first-time spawners were coded as “0”,263
and the allelic effect was an independent variable. Origin of population, sea age at first maturity,264
and sex were included in the model as cofactors. Using a semi-automatic model-scanning approach265
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in the MuMIn package (Barton, 2018) in R (R Core Team 2013), a full-null model (all cofactors266
with all possible interactions, but without the genetic term) and reduced null models were compared267
by the corrected Akaike information criterion score (AICc), which is an AIC score with a stronger268
penalty for complex models. The null model explaining the data the best (with the lowest AICc269
score) was then used as the null hypothesis when testing the genetic effect. The genetic effect was270
then included in the optimum null model as an additional independent variable. As above,271
alternative genetic models with all possible interactions of the genetic term with variables in the the272
null model were tested, in which the genetic term were included in the model either as numerical273
(i.e., to model additive genetic inheritance) or as categorical effect (i.e., to test if any non-additive274
models explained the data better than the additive model). Based on the prevalence of iteroparity in275
the populations, a small proportion of first-time spawners in the dataset are likely to have spawned a276
second time hadn’t they captured by fishers (~5% of the samples), making the statistical analyses277
between two groups conservative.278
Repeat spawner sampling spanned a broader time window than the first-time spawner sampling due279
to the much smaller total number of repeat-spawner fish late in the season (Niemelä et al., 2006b,280
Table S1). We therefore explored if a mismatch in sampling timing between first-time and repeat281
spawners could have resulted in a spurious genetic association between traits, by employing a linear282
model in which the date of sampling (i.e. date of capture as number of days in a Julian calendar) on283
genotype, nested within each sea-age group. The sensitivity of the genetic association to the timing284
of migration was further assessed by permutation by resampling with replacement (with sample285
sizes equal to actual sample size) within different periods in the sampling season. The periods of286
resampling included i) only August, to echo the first-time spawner sampling period, ii) the mean287
and standard deviation of the natural distribution of timing of repeat-spawner capture, and iii)288
resampling from all individuals in the dataset for direct comparison of distributions between289
restricted resampling and the full one.290
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Finally, to understand possible growth variation among genotypes associated with repeat spawning,291
length at capture was investigated as a function of genotype within each life history group (i.e.,292
repeat and first-time spawners). We again employed a model evaluation approach as above, where a293
full-interaction model, consisting of sea age at first maturity, sex, and population, and reduced294
models were evaluated to find the most parsimonious model. The response variable, total length at295
capture, was log-transformed.296
Results297
The best null model explaining the repeat-spawning life-history strategy (without genetic effects as298
a term) included population, sea age at first spawning, sex and the interaction between sex and299
population as factors (Table S4). The highest improvement in the fit of the model for explaining300
repeat spawning compared to the null model was obtained when SNPs in the chromosome 25 region301
associated with sea age at maturity were included in the model (Fig. 2). When alternative302
parameterizations of genetic effects were evaluated for goodness of fit across those SNPs in the303
region (i.e. by only including individuals that were scored for all four SNPs), the missense304
polymorphism at vgll3Met54Thr exhibited the highest fit across all loci (Table S5). In the best-305
supported model, the genetic architecture was consistent with non-additivity (SNP was coded as a306
categorical effect), which was dependent on sex as well as sea age at maturity (Table 1, Table S5,307
Table S6). Even though vgll3Met54Thr explained the data better than other loci in the chromosome 25308
region, the difference was not substantial. For example, when the dataset was resampled 1000 times309
(random sampling within sex and sea age groups with replacement), models including vgll3Met54Thr310
were the best-fitting models in 42% of cases, while models with vgll3TOP, vgll3Asn323Lys, and311
akap11Val214Met were better fitting 21.9%, 14.9% and 21.2% of the time, respectively. Therefore, we312
cannot clearly distinguish between the importance of the SNPs in the region with respect to their313
association with repeat spawner prevalence.314
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The odds ratio of survival to second spawning was estimated as a function of vgll3Met54Thr genetic315
variation using the most parsimonious model. Generally, the genotype associated with earlier first316
maturity at sea (EE, E denotes the allele associated with early first-time maturation) was more likely317
to survive to second spawning than the genotype associated with later first-time maturation (LL, L318
denotes the allele associated with late first-time maturation) (Fig. 3, Table 1). This effect was age-319
dependent with a slight but not significant effect of population and a sex × population interaction320
(Fig. 3, Table 1, Table S7). The odds ratio of survival to second spawning differed less between the321
genotypes in 1S1 fish: the EE genotype was 1.19 (0.91-1.91, 90% CI, p=0.14) and 1.24 (1.00-1.57,322
90% CI, p=0.051) times more likely to survive to second spawning compared to the LL and EL323
genotypes, respectively. Older sea age groups exhibited stronger differences between genotypes,324
where the odds ratio between LL and EE genotype fish was 1.50 (1.12-2.05, 90% CI, p=0.012) and325
2.03 (1.07-3.57, 90% CI, p=0.035) for 2S1 and 3S1 fish, respectively (Fig. 3, Table S7). The326
genetic architecture was consistent with dominance, which, however, was age-dependent (Fig. 3,327
Table S7). In 3S1 fish, the genetic architecture significantly deviated from additivity (p=0.014,328
Table S7), whereby the L allele was dominant, while in 1S1 fish, the genetic architecture marginally329
but not statistically deviated from additivity in the reverse direction. In agreement with this, a model330
in which vgll3Met54Thr genotype modelled with complete dominant genetic architecture and age-331
dependently (i.e. as reflected in Fig. 3) had the best model fit among other alternative332
parameterisation of dominance (Table S8).333
We tested the potential bias that the mismatch in the date of sampling between first-time and repeat334
spawners may exert to the estimation of the genetic association. The vgll3Met54Thr locus was a335
marginal predictor of date of sampling in a season (p=0.054, E allele was associated with 4.1 days336
±2.2 SE later sampling in a season, see: Table S9). Permutation by re-sampling along different337
sampling periods (10000 times) suggested that the genetic association would have been much more338
pronounced if all repeat spawner individuals were sampled in the same period as the first-time339
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spawners, in August (Figure S3). Conversely, if sampling had reflected the natural distribution of340
repeat spawners, we predicted only a slight, non-significant decrease in the model fit (Figure S3),341
suggesting that our results are relatively robust to sampling time. Day of sampling was not a342
significant predictor of genotype in the first-time spawner group (data not shown).343
Finally, we tested for the allelic effect of vgll3Met54Thr on total length at capture separately for first-344
time and repeat spawner groups. In the first-time spawners, the most parsimonious model included345
the SNP effect nwithout any higher-order interactions, and the L allele was positively associated346
with length (Table 2, Table S10). This relationship was similar to that reported by Barson et al.347
(2015) for the vgll3TOP locus. In contrast, there was no allelic association with length in the repeat348
spawner group (Table 2, Table S10). These two results combined suggest that allele-specific growth349
differences were offset in the repeat-spawner fish.350
Discussion351
Survival following the first breeding event to potentially reproduce additional times (i.e., repeat352
spawning) is an important life history feature of Atlantic salmon. The trait is closely connected to353
fitness. Hence, understanding the ecological dynamics around the trait variation and its genetic354
underpinnings is important for predicting Atlantic salmon survival in the wild. Here, we showed355
that survival until the second spawning event was linked to the genome region that is also356
associated with sea age at maturity (Ayllon et al., 2015; Barson et al., 2015), another important357
fitness-linked life history trait. The allele associated with a higher prevalence of repeat spawning358
was also linked to earlier first-time maturation (i.e., the E allele in Barson et al.,  2015). This359
genetic correlation suggests that individuals with the E allele increase their fitness (relative to the L360
allele, associated with late maturation) not only by means of spending less time at sea, hence361
lowering the risk of mortality and shorter generation time, but also by increasing reproductive362
success by participating in multiple spawning events.363
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The genetic linkage between an iteroparous reproductive strategy and earlier first-time spawning is364
in accordance with energy allocation similarities between these two life history strategies as365
predicted by life history theory: investment in reproduction is higher in semelparous366
organisms/individuals (a single reproduction event before death) compared to those with and an367
iteroparous reproductive strategy (repeat spawning in this case, Crespi & Teo, 2002). Reproductive368
investment is indeed higher in large, late-maturing individuals who have spent two or more years at369
sea prior to first spawning, as quantified by a higher proportion of energy deposited to gonadal370
organs (Jonsson et al., 1997; Jonsson & Jonsson, 2003), while gonadal investment in repeat371
spawners is lower (Fleming & Einum, 2010). Furthermore, the vgll3 gene, the most likely gene372
candidate in the region associated with both traits, regulates adipose content and body weight in373
mice (Halperin et al., 2013), both of which are postulated to regulate maturation age and repeat374
spawning in Atlantic salmon (Friedland & Haas, 1996; Jonsson et al., 1997; Taranger et al., 2010).375
Our results support the notion that the genetic variation in these two life history strategies may be376
mediated by similar a physiological cascade controlled, at least in part, by the same genomic region.377
Even though sea age at maturity and repeat spawning are genetically linked and regulated by similar378
physiological cascades, it is unclear if the same SNP is linked to trait variation in both traits (i.e.,379
pleiotropy in the strict sense, see Wagner and Zhang, 2011) or if the association is a result of a380
causal SNPs being tightly linked in the region. Although vgll3Met54Thr, a SNP causing a potentially381
functionally important missense substitution in the vgll3 gene (Barson et al., 2015), appears to be a382
prime candidate for a causal association to iteroparity, other candidate SNPs in the region were not383
conclusively ruled out as the region of highest association. Likewise, causality between SNPs in the384
region and age at maturity is yet to be tested further (Barson et al., 2015). Narrowing down the385
causal SNP will be important to gain a better understanding of the physiological mechanisms386
underlying the trait variation, and in this particular case, to pinpoint the nature of the linkage387
between the two traits. This may be particularly important in estimating potential evolutionary388
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trajectories of life history co-evolution in salmon (Etterson & Shaw, 2001; Steppan et al., 2002;389
Conner et al., 2011). For example, true pleiotropy may be slower to break up than genetic390
correlations caused by physical linkage, e.g., if the genetic linkage is maladaptive (Mackay, 2001;391
Gardner & Latta, 2007; Mackay et al., 2009; Paaby & Rockman, 2013). The nature of the linkage392
should be further investigated to better evaluate the co-evolutionary potential between life history393
traits over contemporary time scales (Gardner & Latta, 2007). On the other hand, distinguishing394
true pleiotropy from tight genetic linkage is demanding, and may require substantial effort to395
elucidate the whole extent of polymorphisms in the genome region, and to validate the causality,396
e.g. perhaps by means of genetic editing methodologies. Such research is still impractical in non-397
model organisms.398
Our framework does not quantify the extent of genetic correlation between the two traits, e.g. by the399
use of multivariate modelling framework. However, the prevalence of genetic linkage in both traits400
across a narrow genomic region intrinsically implies its presence, thus making multi-trait401
evolutionary inferences feasible. In most documented cases, the evolutionary potential of402
genetically correlated fitness traits is constrained by the opposing directional response of correlated403
trait values to the selection gradient (e.g. Etterson & Shaw, 2001; Charmantier et al., 2006;404
Theriault et al., 2007; Fordyce & Nice, 2008; Nussey et al., 2008; Simon et al., 2016), which is405
predicted to help maintain variation in fitness traits (Roff, 1996). In our study, the trait variation406
within a population was not maintained by opposing selective directions of correlated trait values,407
since sea age at maturity is not under directional selection, but variation is being maintained by408
balancing selection between younger and older maturation ages (Barson et al., 2015). Therefore, the409
dynamics underlying the genetic covariation cannot be explained by antagonistic trait correlation.410
Assuming that iteroparity in Atlantic salmon is linked to higher reproductive success, the genetic411
basis of trait co-variation between an iteroparous reproductive strategy and sea age at maturity412
would reinforce the prevalence of a younger age structure; hence, a younger population age413
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structure would be predicted as opposed to a case where the genetic correlation were not accounted414
for. On the other hand, it is not clear if repeat spawning is always linked to higher fitness. In415
steelhead salmon (Oncorhynchus mykiss), iteroparity is linked to increased overall reproductive416
success, but the first-time reproductive output of repeat spawners is less than that of semelparous417
individuals at the same age (Christie et al., 2018), suggesting that a fitness advantage may be418
reversed if conditions promoting post-spawning survival at sea deteriorate (e.g., Chaput & Benoit,419
2012).420
There was a contradiction between the sex-specific phenotypic patterns of repeat spawning421
compared to the observed genetic basis of repeat spawning variation (Table 1). Females tend to422
have a higher level of iteroparity than males (Niemelä et al., 2006a), but this phenotypic difference423
was not translated into a genetic association at the vgll3Met54Thr locus, which is independent of sex.424
This lends support to the notion that the sex-specific differences in repeat spawning may be425
attributed to sex-specific behavioural differences rather than physiological differences (e.g.,426
Niemelä et al., 2006a). For example, despite the much lower gonadosomatic index of male gonads427
(Jonsson et al., 1991b; 1997), males are more aggressive and more likely to attempt reproduction428
until exhausting themselves to the point of death and/or sustain more damage during reproduction429
(Jonsson et al., 1997), while female reproductive effort is limited to egg deposition. From this430
perspective, our results are consistent with a notion that genetic variation in the vgll3Met54Thr locus is431
associated with physiological mechanisms that are not linked to sex-specific differences in432
behaviour. On the other hand, the genetic regulation in repeat spawning prevalence was433
substantially stronger in later-maturing fish. Stronger physiological constraints dramatically impede434
survival in older sea age groups, likely as a result of higher energetic loss during maturation and435
spawning, as well as relatively higher maintenance metabolism (Jonsson et al., 1991a; Jonsson et436
al., 1997; Metcalfe et al., 2015). The co-inheritance between maturation age and repeat spawning437
prevalence suggests the same energetic constraints underlying the physiological basis of both traits438
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may be controlled by the vgll3 locus. Overall, understanding the interplay between the phenotypic439
and genetic correlation between repeat spawning and other phenotypic indices (sex and sea age at440
maturity) will provide further insights into the functional basis of the association between these441
traits.442
Post-smolt growth at sea is an important determinant of survival in salmon (e.g., Friedland et al.,443
2005) and has been shown to be positively correlated with early age at maturity (Friedland & Haas,444
1996). Likewise, better growth conditions at sea are correlated to post-spawning survival (Chaput &445
Benoit, 2012). Here, unlike the first-time spawners, we showed that size did not differ between446
repeat spawners with different vgll3 genotypes (Table 2). However, it is unclear from the terminal447
length data at which life history stage the genotype-specific size differences observed in first-time448
spawners were offset in repeat spawners. Two plausible explanations exist. i) Survival after the first449
spawning event is length-dependent for individuals with the EE genotype but not for those with the450
LL genotype. ii) Fish with the EE genotype grow faster than LL individuals after the first spawning451
event. By measuring the length of surviving post-spawned fish in the Teno River prior to their452
second sea migration, Niemelä et al. (2000) showed that repeat spawners were, on average, larger453
than first-time spawners. This information is consistent with the first possibility, that larger fish454
with the EE genotype are likely to survive the first spawning, while this survival is length455
independent for fish with the LL genotype.456
To investigate the second possibility further, i.e. if post-spawning growth is greater in EE457
individuals than in LL individuals, we performed a post hoc analysis and quantified post-spawning458
scale growth as a proxy for post-spawning growth, using a similar model selection framework as for459
other analyses (Appendix S1, Figure S4). This analysis appeared to be underpowered, as many460
model structures, including null models, exhibited similarly high explanatory powers (ΔAICc<2 in461
the most parsimonious models, see Table S11), As such, we could not refute the null hypothesis and462
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conclude that there is insufficient evidence to support better post-spawn growth associated with the463
EE genotype. Interestingly, however, in all non-null plausible models the estimated SNP effect was464
in a contrasting direction to the expectation (AICc weight = 73.4%), lending no support to a465
scenario where better post-spawn growth in the EE genotype may explain growth patterns in repeat466
spawners. Finally, in all plausible models, post-spawning growth was negatively correlated to sea467
age (Table S11), suggesting that older sea age groups had limited post-spawning growth. In fact,468
when post- and pre-spawning scale growth were plotted over total length separately, a correlation469
between scale growth after first spawning and total length was only observed in 1S1 fish. This470
further illustrates that the post-spawn growth is dependent on sea age (Figure S5, see also471
Supplementary Information).  Overall, this ad hoc analysis confirmed that the genotype-dependent472
differences observed between repeat spawners and first-time spawners arose prior to first migration,473
rather than after. In addition, we further showed growth during the post-spawning period was474
limited in later-maturing fish. This was probably as a result of the higher energy demands of larger,475
older maturing fish to restore and maintain their body mass after a reproduction event (Jonsson et476
al., 1997). Individuals maturing later invest more energy in reproduction (Jonsson et al., 1997), and477
therefore, it might be more difficult to maintain positive energy balance after the first reproduction478
event. Relatively little is known on the dynamics of iteroparity in Atlantic salmon (Thorstad et al.,479
2010), and our results thus provide valuable insight on the growth dynamics of alternative480
reproductive tactics.481
The abundance of Atlantic salmon populations has declined substantially over the past 40 years and482
is at an all-time low level (ICES; Chaput, 2012). This decline is coupled with demographic changes,483
mostly towards younger age structure (Chaput, 2012; Czorlich et al., 2018), and global climate484
change will likely affect population structure further (Friedland et al., 2005; Friedland et al., 2009;485
Hedger et al., 2013; Mills et al., 2013; Piou & Prevost, 2013; Jonsson et al., 2016). Many salmon486
management regimes consider the repeat spawner phenotype a suitable substitute for dwindling487
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numbers of large, late-maturing, first-time spawning individuals, and their presence in populations488
has been linked with improved genetic stability (Hatch et al., 2004; Niemelä et al., 2006a; Narum et489
al., 2008; Seamons & Quinn, 2009; Chaput & Benoit, 2012; Reid & Chaput, 2012). However, the490
genetic evidence presented here suggests that increases in repeat spawner numbers may be491
associated with decreasing age structure of first-time spawners, and directional selection changing492
sea age composition (e.g., in response to environmental changes) may result in changes in repeat493
spawner composition, which may influence the demographic structure further. Despite the fact that494
genetic effects have been increasingly included in demographic models (i.e., demo-genetic models,495
i.e., (Dunlop et al., 2009; Reed et al., 2011; Piou & Prévost, 2012), accurately accounting for496
genetic architecture, e.g., (Kuparinen & Hutchings, 2017), gene-trait association, genetic497
correlations, and functional links between correlated traits would provide more realistic predictions,498
which could improve future conservation and management efforts.499
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Table 1: Coefficients of the most parsimonious model for survival to second spawning (repeat782
spawning) in Atlantic salmon at the vgll3Met54Thr locus. Sea age denotes the sea age at first maturity.783
E and L denote alleles linked to the early and late age at maturity, respectively. See Table S5 for a784
full list of all plausible models.785
Coefficient Estimate Std.Error z-value p-value
Inarijoki 0.656 0.452 1.45 0.147
Tenojoki 0.682 0.523 1.30 0.192
Sex (Male) -0.008 0.243 -0.03 0.973
Sea age -0.686 0.194 -3.53 0.000
SNP (EL) -0.786 0.508 -1.55 0.122
SNP (EE) 0.050 0.621 0.08 0.936
Sea Age : SNP (EL) 0.706 0.228 3.10 0.002
Sea Age : SNP (EE) 0.323 0.347 0.93 0.351
Tenojoki : Sex (Male) -0.837 0.346 -2.42 0.015
786
29
Table 2: Coefficients of the most parsimonious model explaining variation in total length at capture787
in first-time spawner and repeat spawner groups. The first-time spawner model includes788
vgll3Met54Thr, in which alleles are coded additively (i.e., EE=1, EL=2, and LL = 3). Length is log-789
normalized. See Table S10 for a list of all plausible models.790
Coefficient Estimate Std. Error t- value p-value
First-time
spawners
Intercept 3.755 0.022 171.80 <0.001
SNP 0.021 0.005 3.90 <0.001
Population 0.223 0.044 5.09 <0.001
Sea age 0.258 0.011 22.83 <0.001
Sex -0.031 0.032 -0.98 0.329
Population : Sea age -0.072 0.018 -4.06 <0.001
Population : Sex -0.185 0.052 -3.56 <0.001
Sea age : Sex 0.053 0.022 2.39 0.017
Population : Sea age : Sex 0.056 0.027 2.10 0.037
Repeat
spawners
Intercept 4.226 0.016 267.37 <0.001
Population 0.080 0.011 7.19 <0.001
Sea age 0.139 0.008 16.41 <0.001
Sex 0.095 0.023 4.18 <0.001




Figure 1: Map of the study system. River sections with blue and red colours indicate793
Tenojoki and Inarijoki, respectively. See Table S2 for full river names.794
795
Figure 2: Goodness of the fit of the genetic models in 188 SNPs. P-values indicate the796
significance of the fit of the genetic model relative to the null model. SNPs previously797
associated with age at maturity are labelled.798
799
Figure 3: Odds of survival to second spawning (repeat spawning) of the EE and EL800
genotypes, relative to the LL genotype, at the vgll3Met54Thr locus, as estimated by 10000801
parametric permutations. Dots, thick lines, and thin lines denote median estimates, 50% CIs,802
and 90% CIs, respectively. Asterisks denote significance, as calculated by the proportion of803
permutations whose odds of survival were greater than that of the LL genotype (* p<0.05, **804
p<0.001; † denotes the proportion of permutations for which the odds of survival were805



























































































Table S1: Sampling month and year of repeat and first-time spawners used in the study.2
Year of sampling May June July August
Repeat
spawners
2001 0 9 27 4
2002 6 32 13 16
2003 3 22 34 21
2004 0 37 14 8
2005 0 7 14 20
2006 0 7 7 5
2007 0 13 24 9
2008 0 18 49 18
2009-14 0 20 13 8
First-time
spawners
2001 0 0 0 221
2002 0 0 0 213
2003 0 0 0 209
3
Table S2: Assignment of individuals to origin of populations. An individual’s likelihood to4
originate from a population was estimated by comparing it to the self-assignment likelihood5
distribution of 1000 simulated individuals in every baseline population*. An individual was6
assigned to a baseline population if its likelihood was not less than 1% of the likelihood7
distribution of the simulated data, and if the likelihood score of the individual to the primary8











Tenojoki 335 115 143 0
Inarijoki 167 141 0 98
Ieš Iešjohka (33) 8 17 0 1
Karas Kárášjohka (52) 10 12 0 0
Bavttá Bavttájohka (50) 0 0 0 0
Geáim Geáimmejohka (45) 1 2 0 0
Kietsi Kietsimäjoki (72) 1 0 0 0
Anar Anarjohka (46) 0 0 0 0
Karigas Karigasjoki (39) 2 3 0 0
Vál Váljohka (45) 1 11 0 0
Aku Akujoki (40) 6 4 0 0
Báiš Báišjohka (36) 1 2 0 0
Nili Nilijoki (42) 1 2 0 0
Leva Levajohka (54) 0 1 0 0
Kuop Kuoppilasjoki (55) 0 4 0 0
Tsar Tsarsjoki (48) 0 10 0 0
Kevo Kevojoki (80) 0 8 0 0
Uts Utsjoki (52) 0 1 0 0
Vetsi Vetsijoki (27) 3 7 0 0
Lakš Lakšjohka (39) 0 1 0 0
Pulm Ylä-Pulmankijoki (32) 0 0 0 0
Gald Galddasjoki (70) 0 0 0 0
Mask Máskejohka (70) 0 0 0 0
no assignment (type 1)§ 8 6 1 0
no assignment (type 2)¶ 99 131 16 21
% assignment to Tenojoki and Inarijoki 78.1 53.6 89.4 81.7
TOTAL 643 478 160 120
* Baseline population minor allele frequencies were adjusted to a minimum of 0.05 to avoid very small to zero probabilities, and11
likelihood distributions were always calculated after accounting for the missing SNPs for any candidate individual.12
† Baseline population SNP data information were extracted from obtained by genotype by pooling (Ozerov et al., 2013). Number of13
individuals in each pool (10 ng/ul DNA from every individuals) is given in parenthesis. (Minimum 2 replicates per population. See14
Ozerov et al. (2013) and Vähä et al. (2017) for details.) For Tenojoki and Inarijoki, baseline data were generated by performing15
individual genotyping and by combining data from juvenile fish (collected by electrofishing within populations’ boundaries), and16
adult migrating fish that were previously assigned to these populations (NTenojoki =347 and NInarijoki =171) (Aykanat et al., 2015).17
‡ Juvenile fish sampled within Tenojoki and Inarijoki population range.18
§ Individual that has low likelihood for all populations.19
¶ Individual that has high likelihood of origin for more than one population.20
Table S3: Individuals assigned to population of origin as a function of life history, sex and21
capture time in the season. All maiden fish were collected in August, while repeat spawner22
fish were collected from May-August (see also Table S1).23
Population of
origin*
First-time spawners Repeat spawners
August May-July August
1SW 2SW 3SW  1S1 2S1 3S1  1S1 2S1 3S1
Male Inari 60 18 2  45 13 1 7 2 2
Tenojoki 66 28 84 8 12 4 7 11 2
Others 49 10 11  43 22 7 7 2 0
TOTAL 175 56 97 96 47 12 21 15 4
Female Inari 35 42 10  28 14 2  18 9 0
Tenojoki 2 38 117 3 10 39 1 5 13
Others 16 34 21  45 43 30 7 10 6
TOTAL 53 114 148  76 67 71  26 24 19
* Population of origin as inferred in Table S2. Others denote individuals that were assigned to non-focal populations or unassigned.24
25
Table S4: All possible null model structures (i.e. without the genetic effects) explaining repeat spawner prevalence in Tenojoki and Inarijoki26
populations. Plus (+) sign and a numeric value in coefficient columns indicates that the given factor was included in the model as a categorical,27
or a numeric variable, respectively. Empty cell indicates that the factor was not specified in the model.28
Model coefficients (repeat spawner prevalence)
df logLik AICc delta weight
intercept pop sex sea age pop : sex pop : sea age sex : sea age pop : sex : sea age
0.42 + + -0.40 + 5 -459.12 928.33 0.00 0.261
1.18 + + -0.90 + + + + 8 -456.12 928.43 0.10 0.248
0.72 + + -0.59 + + 6 -458.23 928.58 0.25 0.231
0.55 + + -0.48 + + 6 -458.99 930.09 1.77 0.108
0.75 + + -0.62 + + + 7 -458.22 930.59 2.26 0.084
0.85 + + -0.57 + 5 -461.67 933.43 5.10 0.020
0.53 + + -0.33 4 -462.70 933.46 5.13 0.020
0.74 + + -0.51 + + 6 -461.54 935.18 6.86 0.008
0.43 + + -0.29 + 5 -462.60 935.27 6.94 0.008
-0.20 + + + 4 -464.29 936.63 8.30 0.004
0.50 + -0.47 + 4 -465.03 938.11 9.78 0.002
0.13 + -0.21 3 -466.29 938.62 10.29 0.002
-0.03 + + 3 -466.54 939.12 10.79 0.001
-0.17 + 2 -468.15 940.32 11.99 0.001
0.66 + -0.54 3 -467.51 941.04 12.72 0.000
0.68 + -0.55 + 4 -467.50 943.05 14.73 0.000
0.16 -0.43 2 -473.51 951.03 22.71 0.000
-0.54 + 2 -483.16 970.33 42.00 0.000
-0.67 1 -484.76 971.52 43.19 0.000
29
30
Table S5: Genetic models* explaining repeat spawner prevalence in the Tenojoki and Inarijoki populations at four chromosome 25 SNPs associated31
with sea age at maturity. Only more likely models are listed for each SNP (i.e. ΔAICc<2 to the most parsimonious model within a SNP). Plus (+) sign32
and a numeric value in coefficient columns indicates that the given factor was included in the model as a categorical, or a numeric variable,33
respectively†. Empty cell indicates that the factor was not specified in that particular model. Only samples successfully genotyped for all four loci were34
included in the analysis, enabling direct comparison of AICc values between models with that parameterise different SNPs (i.e. ΔAICcall column).35
SNP name
Model coefficients (repeat spawner prevalence)
df logLik AICc ΔAICc
ΔAICc
allIntercept SNP† pop sex sea age SNP : pop SNP : sex SNP1 : sea age pop : sex SNP:pop:sex
vgll3TOP -0.344 0.270 + + 0.829 -0.450 + 7 -371.7 757.63 0.00 -3.12
-0.514 0.310 + + 1.187 + -0.617 + 8 -370.8 757.78 0.15 -3.27
-1.037 0.613 + + 1.350 + + -0.694 + 9 -370.0 758.23 0.60 -3.72
-0.803 0.540 + + 0.950 + -0.508 + 8 -371.1 758.34 0.72 -3.84
-0.921 0.487 + + 1.490 + + -0.744 + + 10 -369.4 759.16 1.54 -4.66
-0.047 + + + 0.433 + + 9 -370.7 759.75 2.12 -5.24
vgll3Met54Thr 0.930 + + + -0.256 + + 9 -368.1 754.51 0.00 0.00
0.922 + + + -0.233 + + + 11 -367.0 756.53 2.02 -2.02
0.072 0.108 + + 0.682 -0.376 + 7 -371.2 756.69 2.18 -2.18
vgll3Asn323Lys 0.971 + + + -0.146 + + + 11 -369.3 761.09 0.00 -6.58
0.915 + + + -0.174 + + 9 -372.1 762.41 1.32 -7.90
-0.092 0.167 + + 0.760 -0.386 + 7 -374.4 762.90 1.81 -8.39
0.609 + + + 0.262 + + + + 13 -368.4 763.32 2.23 -8.81
akap11Val214Met -1.627 0.760 + + -0.221 + 6 -373.0 758.11 0.00 -3.60
-1.377 0.666 + + -0.213 + + 7 -372.8 759.74 1.63 -5.23
-0.942 0.507 + + -0.524 0.115 + 7 -372.8 759.83 1.72 -5.32
-1.051 + + + -0.220 + 7 -372.9 759.98 1.87 -5.47
-1.368 0.665 + + -0.217 + + 7 -372.9 760.04 1.93 -5.53
-0.171 0.221 + + -0.691 + 0.181 + 8 -372.4 761.09 2.98 -6.58
Optimum Null -0.648 + + + 5 -383.1 776.28 -21.77
* Genetic effects were modelled onto the best null model structure as inferred in the Table S2. †A numeric value or a plus sign in the SNP coefficient indicates that the SNP effect was coded additively (i.e. allelic36
effect with df=1), or non-additively (genotype effect with df=2), respectively. For additive models, genotypes are called as EE=1, EL=2, and LL=3.37
Table S6: Number of individuals per genotype in vgll3Met54Thr sampled within each population and life history type. Female and male numbers in38
each group given in parentheses.39
Populations Genotype*
Life history (numbers)
1SW 1S1 2SW 2S1 3SW 3S1
Tenojoki LL 19 (0,19) 7 (2,5) 26 (10,16) 13 (7,6) 129 (74,55) 22 (19,3)
EL 33 (1,32) 10 (1,9) 18 (11,7) 19 (5,14) 45 (28,17) 30 (27,3)
EE 5 (0,5) 2 (1,1) 4 (3,1) 4 (1,3) 5 (4,1) 4 (4,0)
Inarijoki LL 15 (3,12) 14 (5,9) 14 (11,3) 6 (4,2) 7 (7,0) 3 (1,2)
EL 44 (18,26) 39 (16,23) 27 (16,11) 25 (16,9) 2 (2,0) 2 (1,1)
EE 29 (11,18) 43 (23,20) 9 (8,1) 7 (3,4) 1 (1,0)
0 (0,0
)
* Alleles are named reflecting their association with early (E) or late (L) age at maturation at sea.40
41
Table S7: Predicted odds of survival to second spawning as a function of genotype at vgll3Met54Thr, within the given sea age at first maturity, population and42
sex.  Quantiles of odds estimation and PrelLL are after 10000 parametric permutations and relative to LL genotype. PrelEL is the significance of difference in43
odds of survival to second spawning in EE genotype relative to EL genotype. PAdd is the significance of models probability to deviate from additivity.44
vgll3Met54Thr Sea age Sex Pop
Quantiles after parametric permutations
PrelLL PrelEL PAdd5 25 50 75 95
EL 1 M Ina 0.74 0.87 0.96 1.07 1.26 0.600 0.053 0.138
EE 1 M Ina 0.91 1.06 1.18 1.32 1.57 0.144
EL 2 M Ina 1.19 1.33 1.44 1.58 1.79 0.001 0.405 0.081
EE 2 M Ina 1.12 1.33 1.49 1.67 1.98 0.012
EL 3 M Ina 1.74 2.10 2.42 2.77 3.41 0.000 0.713 0.014
EE 3 M Ina 1.08 1.59 2.02 2.51 3.40 0.033
EL 1 F Ina 0.67 0.82 0.94 1.10 1.37 0.600 0.053 0.126
EE 1 F Ina 0.88 1.09 1.27 1.48 1.88 0.144
EL 2 F Ina 1.26 1.46 1.61 1.79 2.09 0.001 0.405 0.115
EE 2 F Ina 1.15 1.46 1.69 1.96 2.45 0.012
EL 3 F Ina 2.01 2.52 2.94 3.47 4.38 0.000 0.714 0.030
EE 3 F Ina 1.10 1.74 2.34 3.10 4.54 0.033
EL 1 M Teno 0.74 0.86 0.96 1.07 1.27 0.600 0.053 0.136
EE 1 M Teno 0.91 1.06 1.19 1.33 1.59 0.144
EL 2 M Teno 1.19 1.34 1.45 1.59 1.80 0.001 0.405 0.084
EE 2 M Teno 1.12 1.34 1.50 1.69 1.99 0.012
EL 3 M Teno 1.76 2.12 2.42 2.79 3.50 0.000 0.714 0.015
EE 3 M Teno 1.08 1.60 2.02 2.54 3.48 0.033
EL 1 F Teno 0.75 0.86 0.96 1.07 1.27 0.600 0.053 0.135
EE 1 F Teno 0.91 1.06 1.18 1.33 1.59 0.144
EL 2 F Teno 1.19 1.34 1.45 1.58 1.80 0.001 0. 405 0.083
EE 2 F Teno 1.12 1.34 1.50 1.69 2.00 0.012
EL 3 F Teno 1.76 2.12 2.42 2.79 3.45 0.000 0. 714 0.015
EE 3 F Teno 1.08 1.60 2.03 2.55 3.47 0.033
45
Table S8: Model coefficients and fit of the genetic models with different dominance architecture in the vgll3Met54Thr SNP.46




sex AIC ΔAIC Description
1
Est. 0.706 -0.008 -0.836 0.383 -0.837 0.580 0.313 0.621 0.347
843.45 5.62 Partial dominance allowed. (Genotypescoded as factors.)S.E. 0.732 -0.362 -0.050 -0.323 0.488 0.243 0.546 0.333 0.346
2
Est. 0.679 0.016 -0.209 -0.883 0.519 0.192 0.207
837.83 0.00
Age dependent genetic architecture.
 (complete dominance for L allele in 1S1,
and E allele in 2S1 and 3S1 life histories)S.E. 0.789 -0.318 -0.325 0.387 0.244 0.437 0.347
3
Est. 0.181 -0.018 0.573 -0.897 0.479 0.286 0.311
862.64 24.81
Age dependent genetic architecture.
 (complete dominance for E allele in 1S1,
and L allele in 2S1 and 3S1 life histories)S.E. 0.134 -0.127 -0.383 0.392 0.241 0.503 0.341
4
Est. -0.125 0.008 0.171 -0.862 0.731 0.362 0.148
845.56 7.73 Additive SNP effect.
S.E. -0.085 0.505 -0.352 0.649 0.243 0.293 0.345
5
Est. 0.244 0.018 0.066 -0.866 0.733 0.365 0.138
843.46 5.64 Complete dominance for L allele.
S.E. 0.322 0.348 -0.311 0.645 0.244 0.245 0.345
6
Est. -0.713 -0.001 0.486 -0.875 0.590 0.325 0.137
846.65 8.82 Complete dominance for E allele.
S.E. -0.710 0.733 -0.467 0.511 0.242 0.251 0.345
7
Est. 0.534 0.006 -0.068 -0.873 0.689 0.276 0.119
839.89 2.06
Age dependent genetic architecture.
(additive in 1S1, and dominant for E allele
in 2S1 and 3S1 life histories)S.E. 0.609 -0.048 -0.178 0.579 0.243 0.274 0.346
* vgll3Met54Thr is modeled as a categorical factor in model 1, and additively in other models (heterozygotes coded identical to the homozygote genotype of the dominant allele). Genotypes are called as EE=1, EL=2, and47
LL=3.48
49
Table S9: Relation between sampling time in the season and genotype in the repeat spawner individuals (N=256).50
Day of sampling (Julian calendar day) Estimate Std. Error t-value P
Pop Inarijoki 221.96 7.57 29.31 <0.001
Pop Tenojoki 235.24 9.79 24.04 <0.001
Age at first spawning -5.56 2.21 -2.51 0.013
vgll3Met54Thr (EE=1, EL=2, LL=3) -4.16 2.15 -1.94 0.054
51
52
Table S10: Most parsimonious coefficients explaining variation in total length at capture in first-time and repeat spawner groups, ascending53
from most parsimonious to less at vgll3Met54Thr locus. Forth order interactions were not parametrised by any most likely models, hence excluded54
from the table. Only models within five AICc difference to the most optimal model are shown. Null models (i.e. models without SNP as55
coefficients) are marked as NULL in the “model column”. Plus (+) sign and a numeric value in coefficient columns indicates that the given56
factor was included in the model as a categorical, or a numeric variable, respectively1. Empty cell indicates that the factor was not specified in57
the model. (SA= sea age)58
Model coefficients (Length at capture) df logLik AICc ΔAICc model





















repeat 4.22 + 0.139 + + 6 317.13 -621.91 0.00 null
spawners 4.22 + 0.142 + + + 7 317.30 -620.13 1.78 null
4.23 + 0.135 + + + 7 317.23 -620.00 1.92 null
4.22 0.001 + 0.139 + + 7 317.15 -619.83 2.08
4.23 + + 0.140 + + 8 317.79 -618.99 2.93
4.22 0.007 + 0.138 + + + 8 317.76 -618.92 2.99
4.25 -0.011 + 0.106 + + 0.014 + 9 318.70 -618.65 3.26
first 3.76 0.021 + 0.258 + + + + + 10 563.37 -1106.22 0.00
time 3.78 + + 0.258 + + + + + 11 564.22 -1105.80 0.42
spawners 3.76 0.014 + 0.261 + + + + + + 11 564.12 -1105.61 0.61
3.76 0.015 + 0.261 + + + + + + 11 563.82 -1105.00 1.22
3.77 0.009 + 0.263 + + + + + + + 12 564.55 -1104.34 1.88
3.76 0.020 + 0.258 + 0.000 + + + + 11 563.37 -1104.11 2.11
3.80 + + 0.249 + + + + 10 562.27 -1104.01 2.20
3.78 0.004 + 0.252 + 0.004 + + + + + 12 564.34 -1103.92 2.29
3.77 0.021 + 0.249 + + + + 9 561.14 -1103.85 2.37
3.80 + + 0.249 + + + + + + 13 565.15 -1103.41 2.81
3.78 0.014 + 0.251 + + + + + 10 561.87 -1103.21 3.01
* A numeric value or a plus sign in the SNP coefficient indicates that the SNP effect was coded additively (i.e. allelic effect with df=1), or non-additively (genotype effect with df=2), respectively. For additive59
models, genotypes are called as EE=1, EL=2, and LL=3.60
61
Table S11: Coefficients of most parsimonious models explaining post spawning growth among repeat spawner fish*. Only models within two62
AICc difference to the most optimal model are shown. Null models (i.e. models without SNP as coefficients) are marked as NULL in the “model63
column.” Plus (+) sign and a numeric value in coefficient columns indicates that the given factor was included in the model as a categorical, or a64
numeric variable, respectively1. Empty cell indicates that the factor was not specified in the model. (SA= sea age)65
Model coefficients (Post spawning growth)
df logLik AICc ΔAICc model weight
(Intercept) SNP pop sea age SNP:pop SNP:SA pop:SA SNP:pop:SA
1.379 -0.294 3 7.29 -8.47 0.00 null 0.112
1.156 0.076 + -0.149 + -0.053 + 8 12.44 -8.13 0.33 0.095
1.329 0.032 -0.302 4 8.16 -8.12 0.35 0.094
1.190 0.100 -0.214 -0.041 5 9.15 -7.98 0.48 0.088
1.371 + -0.299 4 7.94 -7.68 0.79 null 0.076
1.322 + -0.269 + 5 8.96 -7.60 0.86 null 0.073
1.322 0.031 + -0.307 5 8.77 -7.24 1.23 0.060
1.346 + -0.305 5 8.72 -7.13 1.34 0.058
1.327 -0.003 + -0.268 + + 7 10.84 -7.10 1.37 0.057
1.252 0.032 + -0.215 + -0.023 + + 9 12.94 -6.94 1.53 0.052
1.189 0.096 + -0.222 -0.040 6 9.68 -6.93 1.53 0.052
1.280 0.029 + -0.278 + 6 9.67 -6.90 1.57 0.051
1.136 0.098 + -0.185 -0.042 + 7 10.71 -6.83 1.64 0.050
1.218 0.081 + -0.207 + -0.046 7 10.59 -6.59 1.87 0.044
1.364 0.010 + -0.307 + 6 9.36 -6.29 2.18 0.038
* Post spawning growth is inferred from scale growth after the first spawning event. For additive models, genotypes are called as EE=1, EL=2, and LL=3.66
† weight XXX andx YYY…67
68
69
Figure S1: Life history diagram of a typical 1S1 repeat spawner fish with important event overlaid on the scale. Major events inferred from70
scale growth patterns are paired with red lines between the timeline column and the scale image. The timeline column also indicates freshwater71
and sea periods with green and blue, respectively, and year breaks are indicated with dashed lines. Note that the scale growth at a time, and the72
spacing between dark rings (circuli) is correlated with growth rate at that particular time point (see also Figure S3 and Figure S4).73
74
75
Figure S2: Changes in repeat spawner proportions in the Teno River over the last 40 years as76
inferred by absolute numbers (upper panel), relative to first-time spawner numbers in the77
same year (middle panel), or relative to the number of corresponding sea age class, two year78
earlier (lower panel). Note that the proportions are from mixed stock river fisheries data from79




Figure S3: The sensitivity of sampling period of repeat spawner to the model fit (ΔAICnull-84
genetic). Black line shows the distribution of model fit of 10000 permuted models after repeat85
spawner fish were resampled (with replacement). In blue, same as above but resampled fish86
was constrained to match the average returning time of all repeat spawner fish captured in the87
Teno River. In red, same as above but resampled fish included only repeat-spawner fish that88
were captured in August (i.e. similar to sampling period for first-time spawners).89
90
Figure S4: Correlation between total scale growth (mm) and log(length) in adult fish91
sampled for this study. Numbers indicate the number of years spent at sea before first92
spawning (i.e. 1 for 1S1, 2 for 2S1, and 3 for 3S1). Gray, pink and green dots shows the93
relation for first-time spawners, for ages one to three years at sea, respectively. Pearson94




Figure S5: Correlation between length at capture and stage specific scale growth for 1S1,99
2S1 and 3S1 repeat spawners, as given by scale growth before and after first spawning.100
101
Appendix S1: Methods on scale analysis102
In order to understand, if genotype dependent growth in repeat spawning fish (relative to fist103
time spawners) occurs prior to or after the first spawning event, using a subset of individuals104
that were assigned to focal populations (Nrepeat.spawners=200, Nfirst.time.spawners=378, 78.1 and 75.3105
% of total assigned individuals, respectively), we compared scale growth of fish at106
corresponding subsections of the scale (see also Figure S1) Scale growth in salmon have high107
correlation to growth and have been used as a surrogate measure to monitor growth (ICES,108
2011), as well as to monitor growth at a specific time period (e.g. (Aykanat et al., 2015).109
Scale growth is highly correlated to actual fish growth, both in the juvenile and the adult110
phases in Atlantic salmon (i.e. r>0.90 for juvenile and adults from the Teno River, e.g.111
(Aykanat et al., 2015; Erkinaro et al., 2018). In our dataset, the total scale length within112
repeat spawners were also highly correlated to length at capture (r=0.83), and with a similar113
slope to that of the first time spawning counterparts (Figure S1). Similarly, seasonal growth114
of fish was used to infer growth of fish at a specific period in their lifetime, measured115
according to standard guidelines provided by ICES (2011). We analyzed scale growth before116
and after the first spawning event until the fish was capture during the second spawning117
event, as the proxy for growth in the same period (See also Figure S1).118
119
